Abstract This study aimed to determine the effects of Metschnikowia pulcherrima yeast on storage quality of 'Tainong' mango, and elucidate it's possible anti-disease mechanism. The results showed that M. pulcherrima could inhibit the changes in peel colour, fruit firmness, the contents of total soluble solids, total acid and vitamin C, and maintain the storage quality of mango fruits. An investigation of the mechanism showed that M. pulcherrima competed not only for the primary carbon source, but also for living space with Colletotrichum gloeosporioides. In addition, M. pulcherrima promoted the activities of defence-related enzymes, including ß-1,3-glucanase(GLU) and chitinase (CHT), and secreted a small amount of antimicrobial substances composed of volatile and nonvolatile anti-fungal compounds. The results strongly demonstrated that antagonistic yeast M. pulcherrima could be applied as a biocontrol agent for deducing the spoilage and decay of mango fruit.
Introduction
Postharvest diseases cause immeasurable losses to fruits and vegetables during harvest, transportation and marketing, severely reduce shelf life and economic benefits [1] . Rhizopus stolonifer, Penicillium expansum, Botrytis cinerea, Penicillium digitatum and other species cause a variety of fruit diseases [2, 3] . Anthracnose is one of the most important postharvest diseases and causes decay in many fruits, including mangoes, avocadoes, apples, bananas, and others [4] [5] [6] . Therefore, research on postharvest anthracnoses in fruits and vegetables has received considerable attention worldwide.
Anthracnose caused by Colletotrichum gloeosporioides is a major disease of mango after harvest, and the loss of mangoes to decay can reach 20-30%. Several types of diseases have brought huge losses to the mango industry. The traditional method for controlling postharvest anthracnose in mangoes is to use chemical fungicides. Although their sterilization effect is strong, chemical fungicides have many disadvantages [7, 8] . For instance, the frequent use of chemical fungicides promote resistance among pathogenic microorganisms, the residual fungicide on the surface of fruits and vegetables threatens human health, and fungicides can cause serious and irreversible environmental pollution [9, 10] . Therefore, preventing and controlling the disease through biological approaches have received increasing attention because such methods are potentially safer than using gungicides for human health and the environment. In a variety of biological control studies, research on antagonistic yeast has received increasing attention, and the positive effects of many antagonistic yeasts on not only controlling disease but also maintaining fruit quality have been reported [11] [12] [13] .
In recent years, application of antagonistic yeast has been studied by many researchers, and some antagonistic yeasts with obvious antagonistic effects on the main diseases of mango fruits have been isolated [14, 15] . Many studies have confirmed that there is a dramatic difference in the effectiveness of biological control versus use of chemical fungicides. However, the use of antagonistic yeasts in mango fruits is still in laboratory stages [16, 17] . Metschnikowia pulcherrima was one of the most resistant to diphenylamine (DPA). BIOLOG test separated the strains into one major cluster containing four strains and four scattered clusters. Among different antagonistic yeasts, M. pulcherrima is an important yeast species which has been successfully applied to control for a number of pathogens on fruits and vegetables. The main reason for this on-going research is that the inhibition mechanism of antagonistic yeast against postharvest pathogens is unclear, the interactions between antagonistic yeast and the pathogens have yet to be elucidated, and it is very difficult to get antagonistic yeast to exert high antibacterial effects [18, 19] .
The antagonistic mechanism is the theoretical basis for using antagonistic microorganisms to control various pathogens. Parafati et al. [20] have confirmed multiple mechanisms of Wickerhamomyces anomalus against Botrytis cinerea, including forming colonizing wounds and a biological protective layer and producing hydrolytic enzymes and volatile organic compounds. In addition, the attachment efficacy of yeasts depends on the secretion abilities of lytic enzymes, and this adhesion might be involved in the biocontrol efficacy of antagonistic yeasts [21, 22] . Our previous studies demonstrated that a strain of yeast, Debaryomyces nepalensis had significant inhibitory effects on anthracnose occurrence in postharvest mango fruits [23] . Therefore, the objective of this study was to evaluate the effects of another antagonistic yeast-M. pulcherrima on the storage quality of 'Tainong' mango, and elucidate the antimicrobial mechanisms of M. pulcherrima against anthracnose caused by C. gloeosporioides.
Materials and methods

Materials preparation
C. gloeosporioides Penz. was isolated in our laboratory by Luo et al. [23] . C. gloeosporioides Penz. was activated in potato dextrose agar (PDA), incubated at 28°C for 7 days and subsequently maintained at 4°C for storage. For the bioassays, a suspension of fungus spores was obtained by picking up mycelium portions with a loop and placing them in 10 mL of sterile distilled water, which was subsequently filtered with gauze and adjusted to a concentration of 1 9 10 5 spores/mL using a haemocytometer. M. pulcherrima was isolated from the soil of a mango orchard in our laboratory in 2015. M. pulcherrima was grown in potato dextrose broth (PDB) on a rotary shaker at 28°C and 110 rpm for 72 h. The culture was sterilized at 121°C for 20 min to achieve yeast sterilization. The culture was centrifuged at 12,0009g for 20 min, and the yeasts were resuspended in distilled water to achieve yeast suspension. The resulting supernatant was filtered through a 0.22 lm membrane to obtain yeast filtrate. The concentration was adjusted to 1 9 10 8 cells/mL using a haemocytometer.
Mangoe fruits (Cv. 'Tainong') were harvested at physiological maturity and with no apparent mechanical injury, pests or diseases. Fruits were superficially disinfected with 0.5% sodium hypochlorite for two min, washed with tap water, allowed to dry at room temperature (28°C) and prepared for use.
Effects of M. pulcherrima on storage quality of mango fruit
In primary experiment, we compared the preservation effects of four different concentrations (10 6 , 10 7 , 10 8 and 10 9 cells/mL), the results showed that 10 8 cells/mL was most suitable (data not shown). So, suspension of M. pulcherrima with 10 8 cells/mL was used in the study. Selected mango fruits (the variety of Tainong) were randomly divided into 2 groups of 150 fruits each for the following treatments. The first group was immersed in suspension of M. pulcherrima with 10 8 cells/mL, the second group was the control, immersed in sterile distilled water, all treated fruits were air-dried at the room temperature (approximately 25°C). Then every group was stored at 15°C and 90% relative humidity. In order to evaluate the effect of M. pulcherrima on fruit quality of mango stored at 15°C, quality parameters were measured. Samples were picked randomLy, to be analyzed at 5-day intervals. All assays were performed at ambient temperature (approximately 20°C). This experiment was done 3 times, each with 3 replicates (3 fruits for 1 replicate). The testing methods used are described below.
Nine individual fruits for 1 treatment were selected for the determination of peel color, which was measured at 4 points around the equatorial zone of the fruit by a colorimeter (Konica Minolta, CM-700d, Osaka, Japan), using b* values to represent the change from green to yellow. The average of 4 readings was taken as measure of b* value for this fruit. Flesh firmness was measured using a hand-held penetrometer (FMH-1, Takemura Motor Manufacturing, Matsumoto, Japan) equipped with a conical probe (12 mm in diameter) and recorded as N (Newtons).
Measurements were taken at the peeled equatorial surface on 2 sides of the fruit. The average of 2 readings was taken as a measure of firmness for this fruit. The TSS (%) in fruit flesh were determined using a temperature-compensated digital refractometer (ATAGO, Japan). The titratable acidity content, or total acid (TA) was measured by acid-base titration, and the content of vitamin C (VC) was determined by 2,6-dichloroindophenol according to Shao et al. [24] .
The mechanism of M. pulcherrima against C. gloeosporioides
Assessment of the in vitro antagonism effect
The plates were flooded with 20 lL of a conidial suspension (1 9 10 5 spores/mL) of C. gloeosporioides followed by M. pulcherrima (1 9 10 8 cells/mL) streaked onto the centre of each plate. The widths of the inhibition zones were measured after 4 days of incubation at 25°C. The experiments were repeated three times.
Assessment of competition for nutrients
Forty healthy mango fruits were washed, disinfected and drilled (8 mm in diameter and 1 cm deep) to evaluate each of the following substrates, 2% of sucrose (S), glucose (G) or fructose (F) as carbon sources and 0.3% nitrate potassium (K) as the nitrogen source. For evaluation, the wounds were inoculated with 25 lL of the yeast suspension containing 1 9 10 8 cells/mL (A), 25 lL of a pathogen spore suspension containing 1 9 10 5 spores/mL (P) and 50 lL of the nutrients. For the control, the nutrients were replaced with 50 mM phosphate solution (pH 6.7) to compare the diameter of the lesion caused by the disease against the treatments with added sugars or potassium nitrate. The fruits were stored at 25 and 15°C with high relative humidity (above 90%) for 6 days. The diameters of the lesions produced by the fungus in each fruit were observed and measured according to Bautista-Rosales's method [4] . An increase in the development of the disease was calculated with the following equation,
LD R diameters of the lesions (treatment group), LD C diameters of the lesions (A ? P).
Assessment of competition for space
Thirty healthy mangoes as one treatment were washed, disinfected and drilled (8 mm in diameter and 1 mm deep). There were 6 treatments, (1) Control fruit, 25 lL sterile distilled water and 25 lL of C. gloeosporioides at the same time; (2) the yeast was inoculated 12 h earlier than C. gloeosporioides; (3) the yeast was inoculated 24 h earlier than C. gloeosporioides; (4) C. gloeosporioides was inoculated 12 h earlier than the yeast; (5) C. gloeosporioides was inoculated 24 h earlier than the yeast; (6) both the yeast and C. gloeosporioides were inoculated at the same time. All treatments included two groups, one was stored at 15°C with high relative humidity (above 90%) for 6 days; the other was stored at 25°C with high relative humidity (above 90%) for 6 days. The diameters of the lesions produced by the fungus in each fruit were observed and measured. The inhibitory rate (IR) of antagonistic yeast on the injury was calculated with the following equation:
LD C diameters of the lesions (control group), LD R diameters of the lesions (treatment group).
Determination of enzyme activities
All mangoes were washed, disinfected and drilled (8 mm in diameter and 1 mm deep). There were four treatments, i.e. CK, inoculated with sterile distilled water; A, inoculated with M. pulcherrima and C. gloeosporioides; B, inoculated with M. pulcherrima; C, inoculated with C. gloeosporioides.
The fruit pulp and mesocarp tissue at 3-10 mm below the skin and 5-15 mm from the edge of the inoculated lesion were removed with a stainless steel knife and cut into small pieces every 2 days during storage. Each treatment replicate at each sampling time contained 3 fruits, with 3 replicates for each treatment. The tissue samples were stored in a -80°C ultra-low temperature freezer.
Two-gram samples of frozen mango tissue taken from three fruits, with 3 replicates for each treatment, were ground with a mortar and pestle on ice and homogenized with various pre-cooled extracting buffers as follows, 5 mL of 100 mM sodium acetate buffer (pH 5.5) containing 4% (w/v) polyvinylpyrrolidone; 5 mL of 100 mM boric acid buffer (pH 8.8) containing 4% (w/v) polyvinylpyrrolidone; and 5 mL of 50 mM sodium acetate buffer (pH 5.2) containing 1 mM EDTA, 5 mM ß-mercaptoethanol and 5 mM ascorbic acid. The extracts were then centrifuged at 12,0009g for 20 min at 4°C. The supernatants were used for the enzyme assays.
ß-1,3-glucanase (GLU) activity assays were performed by measuring the amount of reducing sugars released from laminarin according to the method of Ippolito et al. [25] with some modifications. Enzyme extract was dialyzed for 12 h at 4°C and then centrifuged at 12,0009g for 20 min at 4°C. The supernatant (1 mL) was incubated with 0.1 mL of laminarin (0.5%, w/v) for 40 min at 37°C.
Afterward, 1 mL of the mixture was diluted at a ratio of 1,1 with distilled water. The reaction was stopped by the addition of 3,5-dinitrosalicylate (1.5 mL) and boiled for 5 min in a water bath. The solution was diluted to 25 mL with distilled water, and the amount of reducing sugars was measured spectrophotometrically at 540 nm.
Chitinase (CHT) activity was measured following the method of Wirth and Wolf [26] with some modifications. One millilitre of enzyme extract was mixed with 2 mL of 1% carboxymethylchitin in 50 mM sodium acetate buffer (pH 5.0). After incubation at 37°C for 1 h, the reaction was terminated by adding 0.1 mL of 1.0 M HCl. The mixture was cooled on ice and centrifuged at 12,0009g for 10 min. The absorbance of the supernatant was recorded at 550 nm.
Detection of volatile anti-fungal compounds
Volatile anti-fungal compounds were assayed using the method of Mackie and Wheatley [27] . When the pathogen hypha extended to the plate edge, the diameter of the pathogen hypha that inoculated the biocontrol yeast was observed and measured. The inhibitory rate (bacteriostasis rate) of antagonistic yeast on pathogen growth was calculated with the following equation,
CD C diameter of the colony (control group), CD R diameter of the colony (treatment group).
Detection of nonvolatile anti-fungal compounds
Five groups of healthy mangoes (20 mangoes for one group) were wounded with a puncher (8 mm) to a 1 mm depth with two wounds per mango. Four different yeast treatment fluids were used. Within the wounds, 25 lL of different treatment fluids was inoculated and allowed to incubate for 1 h. After incubation, 25 lL aliquots of a C. gloeosporioides fungus spore suspension (1 9 10 5 spores/ mL) were added to the wound. Additionally, 25 lL of sterile distilled water and 25 lL C. gloeosporioides fungus spore suspension (1 9 10 5 spores/mL) were added to the wounds as negative controls. There were five treatments, (1) fruits treated with the yeast culture to a concentration of 1 9 10 8 cells/mL and C. gloeosporioides to a concentration of 1 9 10 5 spores/mL, (2) fruits treated with the yeast suspension to a concentration of 1 9 10 8 cells/mL and C. gloeosporioides to a concentration of 1 9 10 5 spores/mL, (3) fruits treated with the yeast sterilization and C. gloeosporioides to a concentration of 1 9 10 5 spores/mL, (4) fruits treated with the yeast filtrate and C. gloeosporioides to a concentration of 1 9 10 5 spores/mL, and (5) fruits treated with sterile distilled water and C. gloeosporioides to a concentration of 1 9 10 5 spores/mL. The subsequent steps were the same as described in section of 'Determination of the effect of yeast on the severity of anthracnose'. The IR of antagonistic yeast on the injury was calculated as above formula.
Statistical analysis
Statistical analysis was performed using the Origin statistical software package (OriginVersion 8.5, Hampton, Massachusetts, USA). All experiments were run in triplicate, and all the results were expressed as mean ± standard deviation (SD) of three independent experiments. The experimental data were assessed by one-way analysis of variance (ANOVA), and significance of differences among treatment was obtained by the least significant difference (LSD). A p value \ 0.05 was considered statistically significant.
Results and discussion
Effects of M. pulcherrima on storage quality of mango fruit Color and pulp firmness are very important quality factors for stored fruits. Figure 1 showed the changes in b* value and fruit firmness of the mango fruits stored at 15°C. The changes in b* value and fruit firmness of CK fruits were more slowly than those of antagonist yeast treated fruits during the whole storage time. When stored for 15 days, the b* value of CK was 41% higher than that of treatment fruits, and the treated fruits were by almost 5.231 N firmer than the untreated fruits, the significant difference between CK and the treatment groups was observed (p \ 0.05). It indicated that the antagonist yeast (M. pulcherrima) had the significant effects on both delaying peel color change and inhibiting the fruit softening of mango fruits.
The changes in TSS, TA and VC of mango fruits were shown in Fig. 2 . During the storage of mango fruits, TSS and VC exhibited the tendency of increasing then decreasing. The peak time of TSS and VC of yeast treated fruits were delayed 10 days ( Fig. 2A ) and 5 days (Fig. 2C) , respectively, and the peak values of TSS and VC of treated fruit were 0.31% and 1.01 mg/100 g FW higher, respectively, as compared with untreated fruits. There were significant differences in TSS and VC between treated and untreated fruits (p \ 0.05).
The change in TA content was suppressed greatly by yeast treatment, as compared with untreated fruits (Fig. 2B) . After 5 and 25 days of storage, TA content of antagonist yeast-treated fruits was 0.15 and 0.22% higher, respectively, as compared with untreated fruits and the significant differences in TA content between treated and untreated fruits were observed (p \ 0.05). This data suggested M. pulcherrima yeast treatment could inhibit the changes in TSS, TA and VC, and significantly maintains the storage quality of mango fruits.
The mechanism of M. pulcherrima against C. gloeosporioides of mango fruit
The in vitro antagonism effect M. pulcherrima has obvious antagonism effect on C. gloeosporioides in vitro. The conidial of C. gloeosporioides was not germinated. The strain of M. pulcherrima showed an inhibition zone of 8.5 mm when cultured with C. gloeosporioides in PDA (data not shown). The mycelium of C. gloeosporioides near the yeast side growed slowly and sparsely.
The competition for nutrients
After 10 days of incubation of treated fruits, the diameters of the disease lesions caused by the fungus at 15 and 25°C were measured (Fig. 3, left) . M. pulcherrima showed different levels of competition for nutrients under in vivo conditions. When glucose was added to wounds as an exogenous nutrient (A ? P?G), the diameters of the disease lesions were 5.0 and 6.0 mm higher than those of only A ? P treated fruits at 15 and 25°C, respectively. In addition, the development of the disease in A ? P ? G treated group was increased by 134.28 and 127.73% at 15 and 25°C, respectively, relative to A ? P treatment (p \ 0.05) (Fig. 3, right panel) . When fructose was added to wounds as an exogenous nutrient (A ? P ? F) at 25°C, the diameter of the disease lesions was 6.5 mm higher than that of only A ? P treatment. As shown in Fig. 4 , when sucrose and potassium nutrients were added, there was no significant difference in the lesion diameters between A ? P ? S, A ? P ? R and A ? P treatments (p [ 0.05). This finding indicated that M. pulcherrima could compete for nutrients, especially glucose, and rapidly assimilate and absorb the basic carbohydrate. This pattern is similar to the conclusions of Sharma et al. [28] and Spadaro et al. [29] that the yeast can use a variety of monosaccharides and disaccharides.
The competition for space
Competition for space was detected based on the inoculation of pathogens and yeast in chronological order and length [30] . The lesion diameters associated with different inoculation times of yeast cells and the pathogen are shown in Fig. 4 , left panel. For all treatments, the lesion diameters when storage at 25°C were larger than those observed at 15°C. For treatment 12B (pathogen inoculated 12 h earlier than M. pulcherrima), the lesion diameters were 5.5 and 4.5 mm larger than those of 12A (M. pulcherrima inoculated 12 h earlier than the pathogen) stored at 15 and 25°C, respectively. The IRs (inhibitory rate) were 33.21 and 15.89% for 12B stored at 15 and 25°C, respectively (Fig. 4, right panel) . The earlier time for the yeast inoculation, the shorter diameters for the lesion, suggests that the inhibition of M. pulcherrima against the pathogen increased with incubation time without pathogens. This observation is the same as results of Ferraz et al. [31] . When M. pulcherrima was inoculated 24 h after the inoculation with the pathogen (24B), the IR reached 100 and 55% at 15 and 25°C, respectively (p \ 0.05) (Fig. 4, right  panel) . A reasonable explanation for this behaviour was that when M. pulcherrima was inoculated prior to the wounding of the mango, it could grow and develop rapidly, Fig. 1 The effects of antagonist yeast treatment on the b* value (A), fruit firmness (B) of mango fruits stored at 15°C. Each data point represents a mean ± standard error (n = 3). Vertical bars on symbols represent ± SE of the mean the yeast became the dominant microorganism at the wound and adapted to the environment of the wound, and the pathogens lost the ability to seize space, the anthracnose pathogens gradually died because there was no growth space [32] . Therefore, competition for nutrition and space became one of the effective ways for the antagonistic yeast M. pulcherrimato inhibiting C. gloeosporioides.
The changes in activities of defence-related enzymes GLU and CHT are two typical disease-process proteins which play important role in the interaction between the host and pathogen [33] . GLU activity in wounded mango fruits showed an increase and then a decreasing tendency at 15 and 25°C (Fig. 5A, B) . At 15°C, the GLU activity peaks of all treatments appeared on day 8, but the peak values were dramatically different between treated and control groups. The peaks of the treated groups were 36.8, 39.4, and 38.91 U/g/min FW, and the peak of the control group was 25.9 U/g/min FW. The activities of A (inoculated with M. pulcherrima and C. gloeosporioides), B (inoculated with M. pulcherrima) and C (inoculated with C. gloeosporioides) treatment groups were much higher than that of the control (p \ 0.05). When stored for 8 days at 25°C, the GLU activities in the control, A, B, and C treatment groups were 36.2, 50.1, 49.6 and 44.7 U/g/ min FW, respectively. This finding showed that the GLU activities of the treated groups were higher than those of the control group both at 15 and 25°C.
CHT activity showed a trend towards an increase and then a decrease at 15 and 25°C (Fig. 5C, D) . CHT activity increased to a maximum at 6 days at 25°C but increased to a maximum at 8 days at 15°C. When the treated mango fruits were stored at 15°C, the peak values of the CHT activities of A, B and C groups were 39.5, 44.5 and 33.2 U/ g/min FW, respectively, but the peak value of the control group was 25.9 U/g/min FW; a significant difference between treatment and control groups was observed (p \ 0.05). When the treated mango fruits were stored at 25°C, the peak values of the CHT activities in A treatment group were the highest, followed by B treatment group. The peaks of CHT activity in the A, B and C treatment groups were 16.2, 13.0 and 7.0 U/g/min FW higher than that of the control, respectively. This finding suggested that all treatments could increase the CHT activity of wounded mango fruits.
The data of the current study suggested that the activities of defence enzymes (GLU, and CHT) in mango fruits could be induced by yeasts when only inoculated with the yeast, and anthracnose could induce the increase of defensive enzymes in mango fruit when only inoculated with the anthracnose pathogen. However, when the mango fruit was inoculated with yeasts and anthracnose pathogens at the same time, the defence-related enzyme activities were not superimposed. GLU can directly hydrolyse the cell wall of the fungus and may also indirectly assist in enhancing resistance by releasing oligosaccharides in the Fig. 2 The effects of antagonist yeast treatment on TSS content (A), TA content (B) and VC content (C) of mango fruits stored at 15°C. Each data point represents a mean ± standard error (n = 3). Vertical bars on symbols represent ± SE of the mean plant [34] . CHT plays a crucial role in degrading chitin [35] . So, the increased activities of GLU and CHT by M. pulcherrima is one important reason for inhibiting anthracnose caused by C. gloeosporioides in mango fruits.
The changes in volatile anti-fungal compounds and nonvolatile anti-fungal compounds As shown in Fig. 6(A) , after 4 days of incubation at 28°C, the colony diameter of the control group (left panel) was 70 mm, whereas the colony diameter of the treatment group (right panel) was 48.5 mm (p \ 0.05). The bacteriostasis rate (BR) reached 30.71%. This finding suggested Fig. 3 The diameters of the lesions (left) and the disease incidence (right) of all treatments. P pathogen, A antagonist, S sucrose, F fructose, G glucose, K potassium nitrate. Each value is the mean of 3 experiments. Bars on the top of columns represent the standard error of the mean. Data in columns with the different letters are significantly different according to Duncan's multiple range test at p = 0.05 that M. pulcherrima produced certain volatile substances that could suppress the growth of C. gloeosporioides. The effects of different yeast treatments on mango anthracnose are shown in Fig. 6(B) . Four types of treatments had different antibiotic effects on anthracnose, but no significant differences between treatment groups were found (p C 0.05). However, the antibiotic effect of four treatments were observed compared to the control group (p B 0.05). The inhibition effects of yeast culture and the filtrate were better than the other treatments. The inhibition rates of the yeast suspension and the filtrate were 24 and 23%, respectively, when stored at 15°C. In addition, the inhibition rates of the yeast suspension and the filtrate were 31 and 39%, respectively, when stored at 25°C. These data revealed that M. pulcherrima produced certain nonvolatile substances that could influence and suppress the growth of C. gloeosporioides.
Da Silva Felix et al. [36] reported that antagonistic microorganisms play a role in controlling disease by competing for space and nutrition, producing antimicrobial substances and inducing resistance in the host. Kumar et al. [37] found that 2,4-Di-tert-butylphenol produced by Streptomyces had antibacterial activity. Kai et al. [38] reported that small organic volatile compounds (VOCs) emitted from bacterial antagonists negatively influence the mycelial growth, such as Bacillus subtilis, Serratia odorifera. Here, we did find M. pulcherrima could produce a variety of antimicrobial substances, but the precise substances and the content of each component remain unknown. This information needs to be investigated in further studies. Nevertheless, we can conclude for the first time that the antimicrobial substance contains certain nonprotein substances and a certain volatile gas. We did find that the antimicrobial substances produced by antagonistic yeast were very weak, and the possible reasons for this may be as follows: first, the growth of mycelium was fast and the secretion of antibacterial substances was not as fast as that of its growth; second, the concentration of antimicrobial substances secreted by the antagonistic yeast was too low. Therefore, finding a medium to promote the secretion of yeast substances, optimizing extraction and purifying antibacterial substances will be the important work in the future.
Theis and Stahl [39] mentioned that the interaction between yeast-pathogens and plant-pathogens depends on the signal recognition system between yeast cells, fungal hyphae and fruit cells. Castoria et al. [40] aLso showed that antagonistic yeast may cause direct and severe damage to Botrytis cinerea hyphae. However, we found that M. pulcherrima did not attach to C. gloeosporioides and did not cause any damage to the spores and hyphae. This finding indicates the possibility of the practical application of M. pulcherrima yeast. In a word, this work confirmed that M. pulcherrima could inhibit the changes of quality parameters and maintain the storage quality of'Tainong' mango. M. pulcherrima could control anthracnose caused by C. gloeosporioides by competing for space and nutrition, producing antimicrobial substances and inducing resistance in mango fruits. M. pulcherrima proved to be an effective antagonistic yeast and could be applied as a potential biocontrol agent for deducing the spoilage and improving postharvest quality of mango fruits.
